This study was carried out to extend database knowledge about the function of film cooling holes at the end of combustor and the inlet of turbine. Using the well-known Brayton cycle, raising the turbine inlet temperature is the key to obtain higher engine efficiency in gas turbine engines. However, high temperature of the combustor exit flow causes non-uniformities. These nonuniformities lead to the reduction of expected life of critical components. Therefore, an appropriate cooling technique should be designed to protect these parts. Film cooling is one of the most effective external cooling methods. Various film cooling techniques presented in the literature have been investigated. Moreover, challenges and future directions of film cooling techniques have been reviewed and presented in this paper. The aim of this review is to summarize recent development in research on film cooling techniques and attempt to identify some challenging issues that need to be solved for future research.
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1.0 INTRODUCTION
Gas turbine industries are seeking for better performance and enhancing power to weight ratio. Brayton cycle seems to be an appropriate option for this purpose. In this cycle, the outlet temperature of combustor or the inlet temperature of turbine must be increased to enhance the performance of gas turbine engine [1, 2] . According to Thole and Knost [3] , the operating temperature is such above that all materials cannot resist against this value of temperature. Also, running hot gases inside the combustor and at the inlet of the turbine has very destructive effects on the downstream components ( Figure 1 ). To prevent these problems, a number of researchers have adopted film cooling as a solution and have attempted to increase film cooling effectiveness to produce better conditions downstream the combustion chamber. A cooling technique must be applied to prevent the thermal degradation of turbine components. Primary gas turbine engines are operated at a temperature range between 1200 ºC and 1500 ºC, but modern engines functioned at the combustor outlet temperature between 1950 ºC and 2010 ºC [4] . However, with new schemes of cooling used since the beginning of the 21 st century, the turbine inlet temperature increased above 2000 ºC. Accordingly, restructuring the cooling holes could improve film cooling effectiveness. [2] External and internal cooling systems are two methods of cooling gas turbine. In the internal cooling, the compressor prepares the coolant and it is then forced into the cooling flow circuits within the turbine parts. In another cooling system (external cooling), downstream parts are saved against hot gases by the injection of the coolant from the coolant manifold. In this method, heat transfer from hot gases to different components is quelled by the application of coolant. The most effective method of external cooling preservation is film-cooling. In this technique, a thin and low temperature boundary layer is developed by cooling holes and is attached on the protected surface ( Figure 2 ). Since numerous studies have been done on the effects of coolant blowing ratio and other dynamic or thermodynamic parameters on film cooling performance, to get an in-depth idea on restricting of cooling holes, a broad literature survey has been conducted on previously applied configuration of cooling holes, their effectiveness and the increment with surface structure before starting the restructuring procedure [5, 6] . The next chapter discusses the effects of flow characteristics variations on cooling performance, as well as the effects of different structures of cooling holes on film cooling effectiveness.
 2.0 TRADITIONAL COOLING HOLES
Cylindrical cooling holes are a common form of cooling holes. As illustrated in Figure 3 , in this type of cooling holes, the coolant runs through the holes and spreads into the main flow with stream-wise angle of α from the horizontal surface. The change of geometrical parameters of such holes is a topic that has interested researchers for many years. Scheepers and Morris [7] conducted an experimental study to investigate the heat transfer for the inlet of injection holes within a turbine blade cooling passage. To validate the experimental results, they simulated a CFD model with a RNG k−ε turbulence model. The results indicated that at higher suction rate, the quantity of heat efficiency increased with the observed extraction degree of 150 was less than ninety-degrees extraction hole. At suction ratio of 5, a 45 percent decrease in increment was observed near the hole, while 25 percent decrement was observed at SR=2.5.
Harrington et al. [8] presented a simulated flat plate. The research was a computational and experimental one aimed at investigating a full coverage of adiabatic film cooling effectiveness. The focus of the findings was on the effects of ten rows of normal short cooling holes with a length of l/D = 1.0 at large density coolant jets and high mainstream turbulence intensity. The test results indicated that considering the blowing ratio, the maximum adiabatic film cooling effectiveness was attained near the area, which covered four to eight rows of cooling holes. Furthermore, the interaction of injected flows sprayed from the cooling rows limits the maximum effectiveness. On the other hand, film cooling effectiveness on the curved surface was investigated numerically by Koc et al. [9] . They highlighted that the curvature of the surface and the blowing ratio affect the film cooling effectiveness.
Yuzhen et al. [10] detected the effectiveness of film cooling of three various multi-hole designs. In the research, they examined the effects of spacing between cooling row, span-wise hole pitch and the hole inclination angle. The results showed that the row spacing ratio affects the film cooling performance. Also, better adiabatic cooling performance is achieved using a smaller pitch, especially for the multi-hole patterns. Ai and Fletcher [11] , Cun-liang et al. [12] and Jun Yu and Shun [13] studied the similar case and determined that the effectiveness at locations close to the exit of jets for wide hole spacing is slightly higher than for small hole spacing. Meanwhile, the small hole spacing performed better than wide hole spacing at downstream locations due to the interaction of neighboring jets.
Figure 4 Schematic of film cooling
Abdullah and Funazaki [14] studied the effects of different hole angles. They studied four rows of different inclined holes with two different angles of 20 degrees and 35 degrees. They prepared contours which showed the distribution of laterally averaged film cooling effectiveness and film cooling performance at x/D equal to 3, 13, 23 and 33. The results showed that at a higher blowing ratio (BR = 3.0 and 4.0), the interaction between the neighboring secondary air led to a full coverage film cooling effectiveness downstream of the fourth row, which was confirmed by the temperature field captured at x/D = 33 and BR=4.0. The results also showed that more cooling effectiveness was achieved at a shallow hole angle of α=20 degrees, especially at higher blowing ratios compared to a baseline case with a hole angle of α=35 degrees. Sarkar and Bose [15] displayed that the usage of cooling holes with elevated injection angles developed turbulence, and higher turbulence led to the reduction of cooling performance. Furthermore, Nasir et al. [16] , Shine et al. [17] and Hale et al. [18] simulated a flat plate with cylindrical cooling holes to study the effects of injection angle on the effectiveness of film cooling. They highlighted that lower stream-wise injection angles perform better by producing a higher film cooling effectiveness.
The effects of different imperfection on film cooling and arrangements of small holes on the jets cross flow were studied by Jovanovic et al. [19, 20] with the application of PIV and LCT techniques. The results showed that at moderate velocity ratios, the effectiveness of inner-torus decreased significantly and narrowed the cooled area. At larger velocity ratios, an influence of the inner-torus almost vanished. The imperfection located 2.5 diameters inside the hole did not have any significant influence on the film cooling effectiveness. The free stream turbulence was changed by means of using static grid. The turbulence intensity was increased from 1% to 7%. The adiabatic effectiveness was weakly affected by the turbulence intensity. Only in the vicinity of the maximum effectiveness for the inner-torus, the effectiveness was reduced for about 10%.
Multiple jets placed inside cross flow were used by Peterson and Plesniak [21] to analyze the effects of velocity. They investigated the effects of plenum flow direction, injection angle, as well as blowing ratio. Consistent with the research by Plesniak [22] , the findings indicated that a light and less integrated counterrotating vortex pair (CRVP) is developed because of the vortices spawn inside injection hole and opposite rotation direction, which is opposite to the CRVP rotational sense with the application of the counter-flow plenum. Compared to counter flow case, co-flow plenum increased the trajectory and reduced span-wise injection. Furthermore, Nakabe et al. [23] debated that jet impingement is effective for heat transfer augmentation even in the case with cross flow.
Hale et al. [24] measured the effectiveness of surface adiabatic film cooling adjacent to cooling holes. They studied an individual short holes row and narrow plenum. They noticed different kinds of l/D ratios, injection angles, co-flow and counterflow plenum feed configurations ( Figure 5 ). The findings showed that short injection holes increased the film cooling and developed wide cold region downstream of the cooling holes. Their findings were identical with those of Burd and Simon's [25] , as the relevance of the length of injection hole to effectiveness of film cooling could be well understood. In another study, Azzi and Jurban [26] forecasted the film cooling thermal fields for a simulated cylindrical cooling row with the following ratios: extended range of length to diameter = 1.75/8, and fixed pitch to diameter = 3.0. The inclination angle was 35 degrees and the film hole was 12.7 mm in diameter. Another finding by Bernsdorf et al., [27] , Yong-gang and Qiang [28] and Jumper [29] showed that in short cooling injection holes, effectiveness of film cooling is related to the injection hole length and angle. [24] In 2012, Saumweber and Schulz [30] stated that an increase of the length of a cylindrical hole in principle, favorably affects cooling effectiveness at plenum conditions at the hole entrance. The experimental results collected by Mohammed and Salman [31] indicated that the ratio of the axial length (L) to the diameter (D) also has an effect on the average heat transfer rate at same conditions.
Nemdili et al. [32] conducted a numerical study to determine the interaction of the jet cross flow and the use of imperfection within the turbine blade cooling holes ( Figure 6 ). The results declared that by using imperfection inside the injection hole, the film cooling performance reduces dramatically, whereas the rate of velocity increases. In addition, the results found that cooling performance is reduced dramatically when 50 percent of the injection hole is blocked, and this phenomenon affects the turbine blade protection intensively. Figure 6 The geometries of the holes (a) hole and (b) Inner torus hole [32] Li et al. [33] and Mee et al. [34] studied the effects of distance between two adjacent holes and suction surface of blade on heat transfer. When an elevated distance is seen between two adjacent cooling holes, a cooling film is found among the jet orifices. Also, when the distance between two adjacent holes is small, the jet orifice cooling is better than jet orifice.
Using the application of LCT technique, Nasir et al. [35] investigated the effects of separate shaped tabs with a variety of orientations on the film cooling performance from one cylindrical holes row. The results showed that the upward oriented tabs are ineffectual and reduced the film cooling performance. Using horizontal and downward oriented tabs increased heat transfer coefficient, but the increased value of film cooling effectiveness is higher than heat transfer enhancement.
By using the large scale and low speed experiments, Rowbury et al. [36, 37] determined the effects of flow interaction under the annular cascade application. They investigated the effects of hole geometry on discharge coefficient of coolant. The results declared that near the end of injection hole with external cross flow, the static pressure loss relative to the assumed value led to the discharge coefficient enhancement.
Tarchi et al. [38] investigated the effects of large dilution holes. These holes were placed within the injecting slot and eruption array. The flat plate cross section duct contained 270 cooling holes located in 29 staggered rows. The holes were 1.65 mm in diameter and had a length to diameter ratio of 5.5 and a stream-wise angle of 30 degrees. The dilution hole was 18.75 mm in diameter ( Figure 7 ). It was located at the 14 th row of cooling holes. Tarchi et al. measured the local heat transfer coefficient and adiabatic film cooling effectiveness for both conditions, with and without backward facing step, at three different blowing ratios of BR=3.0, BR=5.0 and BR=7.0. Tarchi et al., Milanes et al. [39] , Barringer et al. [40] , Li et al. [41] and Scrittore [42] illustrated that by using backward step at downstream the dilution hole, the adiabatic film cooling effectiveness reaches laterally averaged effectiveness of 0.65.
Figure 7 The geometry of the test model
An experimental study was conducted by Cun-liang et al. [43, 44] to analyze the temperature non-uniformities adjacent the wall surfaces and the console film cooling performance ( Figure 8 ). Within two different console area ratios, the film cooling effectiveness distribution was considered. The results depicted that the low temperature flow which goes out from the console attached to the blade surface and creates better condition for heat transfer. Concurrent with Liu et al. [45] , Bunker [46] maintained that the effectiveness reduction occurs due to the increase of exitto-inlet area ratio. In addition, Sargison et al. [47] experimentally demonstrated that using converging console on the suction side caused the coolant flux to increase and has no visible effect on the film cooling performance. However, this has been rejected by the Barigozzi et al. [48] . Based on their findings, they argued that the exit-to-inlet area ratio increase is a main cause of thermodynamic secondary loss enhancement. They observed the optimum film cooling at higher blowing ratio. Xiangyun et al. [49] also stressed that higher hole-opening ratio produces better heat transfer effect. Using several slots in cases like cooling downstream components was studied by Joshua et al. [50] and Thrift et al. [51] . The results indicated that narrower slot widths decrease spatially-averaged adiabatic effectiveness as the depth reduces by 28%. The reduction of turbulent levels causes the coolant to diffuse at the hole exit and thereby modifies film cooling effectiveness. They also found that film cooling performance is better achieved with longer slots than with short slots. Agreeing with Joshua et al. and Thrift et al., Lynch and Thole [52] mentioned that decreasing the slot width while maintaining a constant slot mass flow resulted in larger coolant coverage areas and increased local effectiveness levels. In addition, the cooling effectiveness of the slot with an orientation angle of 45 degrees is higher than that of a 90 degrees slot orientation. Figure 8 The geometry of the converging slot holes [43] Vakil and Thole [1] presented experimental results of the study of temperature distribution inside a combustor simulator. In this study, a real large scale of combustor was modeled. This model contained four different cooling panels with many cooling holes. Two rows of dilution jets could be seen in the second and third cooling panels. The first row had three dilution jets and the second one had two jets. While the first and second panels were flat, two other panels angled with an angle of 15.8 degrees. The coolant flow and high momentum dilution jets were spread into the main flow. The results indicated that high temperature gradient was developed upstream of the dilution holes. Kianpour et al. [53, 54] in 2012, re-simulated the Vakil and Thole's combustor. They suggested two different layouts of cooling holes with different exit section areas. The results indicated that while the central part of the jets stayed nominally at the same temperature level for both configurations, the temperatures adjacent the wall and between the jets was awhile cooler with less cooling holes.
3.0 TRENCHED COOLING HOLES
Another type of cooling holes is trenched hole, which is shown in Figure 9 . At the end of this hole, the area is expanded and as a result, coolant is suddenly injected before leaving the cooling hole and beginning the main flow. As indicated by Sundaram and Thole [55] (the research on the effects of a row of individual trenched cooling holes located at the leading edge region along the end wall of a stator vane under low Reynolds number) this restructured hole leads to higher adiabatic effectiveness, especially at elevated blowing ratios.
The effects of improved direction of cooling flow at the vane end-wall were studied by Sundaram and Thole [56] to increase the effectiveness of film cooling. This investigation has been accomplished with three single and row trench depths (d) of d=0.4D, d=0.8D and d=1.2D (D is the cooling hole diameter) and some bump heights of 0.5, 0.8 and 1.2 as illustrated in Figure 10 . Sundaram and Thole found that the row trench effectiveness was significantly higher than the individual trench. The application of trenched holes with a depth of 0.80D provided the best cooling effect. However, Lawson and Thole [57] showed that using the trenched hole with a depth of 0.8D led to a negative effect on the performance of cooling system downstream the cooling hole and increased the effectiveness inside the trenched hole. However, when the bump was used, the optimum cooling was found at the bump height of 0.50D and 0.80D. Waye and Bogard [58] studied the adiabatic film cooling effects of transverse trenched holes on the suction side. The experiments involved establishing a linear vane cascade within a closed loop wind tunnel. In order to facilitate adiabatic temperature measurements collection, low thermal conductivity polyurethane foam was applied for vane construction. They also used infrared camera and thermocouples to determine the temperature distribution. The results show that the adiabatic film cooling effectiveness was modified by the downstream rectangular lip. The upstream geometry of the trench appeared to only slightly affect the cooling effectiveness. The adiabatic film cooling effectiveness was modified using narrow trench configuration. Yiping et al. [59] tested the effects of depth and width of trenches at the turbine leading edge on film cooling. A high Re k-ɛ turbulence model was used in the computational study. They considered six different individual trenched holes arrangements with a width of w=2D and w=3D and depth of 0.5D<d<1.0D, as well as cylindrical cooling holes and shaped holes. The findings showed that the third and fourth cases had a trench depth of d=0.75D, and it means that the trench depth of 0.75D was the optimum one, which is confirmed by CFD studies.
Barigozzi et al. [60] surveyed the effectiveness of the upstream trenched holes used on the end wall contours under the extended range of blowing ratios from 0.5 to 2.5. The test model contained two different trench depths (d=1.0D and 1.20D) and a fixed width of 2D. The test section containing seven vanes was set up in the low-speed wind tunnel with slight inlet turbulence intensity of 1% and with an isentropic Mach number of 0.2. Furthermore, the inlet area of the wind tunnel was converged with a ratio of 0.70.
Using a turbine vane cascade, the effects of shallow trenched holes (d=0.5D) were investigated by Somawardhana and Bogard [61] to improve the performance of film cooling as shown in Figure 11 . The film cooling effectiveness was measured for a range of blowing ratios, from BR=0.4 to 1.6. The findings indicated that upstream obstructions reduced the effectiveness by 50%. However, downstream obstructions increased the film cooling performance. The film cooling performance was slightly affected by a combination of obstructions near the upstream obstructions. Using a narrow trench, they dramatically modified the cooling performance and reduced the effects of surface roughness decrease. The results agreed with Harrison et al. [62] and Shupping's [6] findings. Furthermore, Somawardhana and Bogard showed higher film cooling effectiveness for the trenched holes which resulted from the net heat flux reduction was higher than the baseline case, while the heat transfer coefficient was approximately constant for both cases. In contrast, Yiping and Ekkad [63] showed that trenching cooling holes increased heat transfer coefficient. Ai et al. [64] showed that trenching reduced the coolant momentum ratio and impaired the effectiveness, whereas traditional cooling holes performance was better at low blowing ratios.
4.0 SHAPED COOLING HOLES
Shaped cooling holes is another category of such holes. As illustrated in Figure 12 , for this type of hole, the section area of the cooling hole changes through the hole. Although the inlet section area is circular, the exit section changes to a specific shape such as fan-shaped and diffused-shaped. A significant modification and the use of shaped cooling holes leads to higher cooling performance. Figure 12 The geometry of shaped holes [65] Asghar and Hyder [65] computationally studied the film cooling effectiveness for single and two staggered rows of novel semicircular holes. Their most important finding is the fact that the centerline and lateral effectiveness of the two staggered rows of semi-circular holes are much higher than a single row of full circular hole.
By measuring the concentrating secondary flow variations at different blowing ratios, Barigozzi et al. [66, 48] experimentally investigated the effects of end wall fan-shaped cooling holes arrangements on the aerodynamic and heat transfer performance. With fan-shaped holes, the highest film cooling effectiveness is achieved due to the injection of massive flow at smaller momentum flux ratio. With cylindrical holes, the maximum cooling was found at mass flux ratio of 0.75%, while the value of this quantity was 1.5 percent for the fan-shaped holes.
Lee and Kim [67, 68] studied about a combustor simulator. They selected laidback fan shaped holes which were used in their study to observe the effects of geometric variables improvement on film cooling. They showed that for BR=0.5, the optimum injection and lateral expansion angles were 40.34° and 21.83° respectively. At the same time, the best l/D ratio was considered to be 7.45. Later, Lee and Kim [69] verified the results and showed that with the improvement of the optimum shape of cooling holes, the lateral spreading of the cooling flow was modified and the coolant attached better, thereby film cooling performance increased by 28 percent.
Saumweber and Schulz [70] studied the interaction effects between film cooling rows. The test section included five different large scale cooling holes. They studied fan-shaped and cylindrical holes with an angle of 30 degrees from the horizontal axis and some spacing between cooling holes with x/D = 10, 20 and 30 and hole length of l/D = 6.0. The results indicated the following: a) the geometry of the second row of the cooling holes has significant effects on cooling, however, b) the row spacing between cooling jets is not significant in the performance of film cooling because of simultaneous increase of the heat transfer coefficient and film cooling performance ( Figure 13 ).
By using a new turbulent model, Zhang and Hassan [71] studied the effects of jet-in-cross flow of new scheme on the cooling performance. They find out that with the new scheme, the heat transfer coefficient reduced near the centerline of the shaped holes in comparison with the cylindrical case and as a result, film cooling effectiveness was higher for the shaped cooling holes compared to the baseline case (Gao et al. [72] ; Colban et al. [73] ). In addition, Saumweber et al. [74] , Saumweber and Schulz [75] , Barigozzi et al. [76] , Fawcett et al. [77] and Peng and Jiang [78] showed that for shaped holes, a better thermal protection capability is achieved, especially at higher blowing ratios. Bayraktar and Yilmaz [79] numerically developed a threedimensional model to study the film cooling performance. Circular and square shaped multiple nozzle geometries were considered. The main finding was that using circular multiple nozzles lead to higher thermal film cooling effectiveness than that of square shaped multiple nozzles.
Figure 13 The effect of row spacing on adiabatic film cooling effectiveness [70] Zhang et al. [80] studied the heat transfer of flow on flat plate, which includes cone-shaped and round-shaped cooling holes. In the study, numerical simulations based on control volume method and RNG k-ε turbulence model were performed to investigate the flow and heat transfer characteristics of the flat plate film cooling. The results showed that at the same blowing ratio, the film cooling effectiveness for the cone-shaped holes was better than the round-shaped holes. For cone-shaped jets, the jet-to-cross flow blowing ratio reached the optimum condition of 1.0 to yield the best film cooling effectiveness.
Colban et al. [81] again presented experimental results to compare the effects of several fan-shaped cooling holes rows and one single row of cooling holes in the same location of pressure and suction surfaces on adiabatic film cooling effectiveness. The actual physical behavior of flow was better predicted by v 2 -f turbulent model, while the most accurate match between computational and experimental results was attained using the RNG k-ε turbulent model ( Figure 14) . Similar to Colban et al. [82] , it is determined that both surface distance and blowing ratio increased film cooling effectiveness on pressure surface.
Colban and Thole [83] and Saumweber and Schulz [30] investigated the effects of two different cooling holes, which are cylindrical and shaped holes configurations, on the cooling performance and aerodynamic penalties. The findings showed that the quantity of total pressure wastage is much less with fanshaped holes than cylindrical ones. For fan-shaped holes, the coolant is attached to the wall surface which, as a result, increases the coolant flow blowing ratio. Concerning aerodynamic penalties, fan-shaped holes play a better role than cylindrical holes. In a traditional cooling hole, the flow runs within a cooling hole and is injected in the stream-wise direction with an angle of ϕ from the horizontal surface. Figure 15 shows an example compound hole. For this type of holes, the flow spreads in the span-wise direction at an angle of γ.
Figure 15
The geometry of compound cooling holes [84] Sang et al. [84] determined the thermal field at the aft position of a row of compound injection holes under different orientation angles and blowing ratios. The results showed that a uniform span-wise field was provided by the orientation angle increment and improved the film cooling. Furthermore, the compound angle holes effects were more considerable, particularly at an orientation angle of above γ=60 degrees and a blowing ratio higher than BR=1.
Gritsch et al. [85] took discharge coefficient measurements of traditional injection holes at inclination angles of 30, 45 and 90 degrees and orientation angles of 0, 45 and 90 degrees. The results indicated that the orientation or inclination angle variation has dominant effects on the losses at the inlet of holes. The increase of the orientation or inclination angle is a reason for the enhancement of losses at the inlet of cooling holes. It can also be the reason for the discharge coefficient reduction. At the end of injection holes, the inclination or orientation angle enhancement is the moderate cause of flow loss.
Aga and Abhari [86] investigated the effects of lateral angle, blowing and density ratios on the blade leading edge film cooling.
In accordance with Jubran et al. [87] and Han et al. [88] , Lee et al. [89] argued that at elevated compound angles of 60 and 90 degrees, averaged adiabatic film cooling effectiveness is twice as much the stream-wise injection, particularly at elevated blowing ratios. In addition, high compound angles increment raised the jet free stream interaction and, therefore, enhanced the normalized heat transfer coefficient. Nasir et al. [16] and Aga et al. [90] clarified that compound angle holes increment affects heat transfer, and the film cooling effectiveness is illustrated in Figure  16 . Figure 16 Laterally averaged heat transfer augmentation [90] Jung and Young [91] detected that the highest film cooling effectiveness was attained at the middle (z/D=0) for a compound angle of 0 degrees, and the maximum film cooling effectiveness was detected on the right side of the vortex for a compound angle of 60 degrees.
Stitzel and Thole [92] studied the effects of geometrical combustor parameters on the flow and thermal field downstream the combustion chamber. The test section contained three different configurations, (a) film cooling and dilution jets, (b) film cooling, dilution holes and slot at the combustor-vane interface, and finally (c) film cooling with cooling holes that were oriented with a compound angle of 45 degrees and an inclination angle of 30 degrees, dilution holes and exit slot. The results indicated that the application of compound angle holes enhanced the total pressure.
Jurban and Maiteh [93] showed the effects of two staggered rows of cooling holes on film cooling effectiveness and heat transfer. The primary design includes a combination of one row of simple holes and one row of compound holes, whereas the second one consists of two rows of compound cooling holes. According to Jurban and Maiteh, the maximum film cooling effectiveness is yielded by the application of the staggered compound holes, which is much better than the inline compound angle holes and simple angle holes. This is confirmed by Maiteh and Jubran [94] as well. Figure 17 depicts that the two staggered rows arrangement of compound angle injection holes tends to provide a better and more uniform cooling protection than that of the two inline rows of compound angle injection holes.
Figure 17
Three-dimensional cooling effectiveness (a) inline compound hole and (b) staggered compound hole [94] By applying TDM (three-dimensional volume methods) and multi block techniques, Azzi and Jurban [95] studied the effects of different lateral angles on adiabatic film cooling effectiveness. They detected that at an inclined injection angle of 25 degrees, better film cooling performance was yielded.
Zhang and Wen [96] conducted a computational study on flow behavior in different parts of a stationary gas turbine vane at a blowing ratio of 1.50 and compound holes application at the leading edge using LES. The results showed that suitable arrangement of compound angle holes creates suitable condition to have the best cooling at both pressure and suction sides of turbine vane. On the pressure surface, the central part of vortex is away from the blade wall. In addition, the area influence of vortex is noticeable. Lin and Shih [97] and Wright et al. [98] showed that a combination of half wake vortexes, half wall vortexes, horseshoe vortexes and a pair of counter rotating vortexes is developed due to the reciprocity among mainstream flow, which is seen in stream-wise flow fields and coolant. This is shown in in Figure 18 . Han et al. [99] believed that vortexes can be produced by shear stress, momentum exchange of cooling ejection and mainstream flow.
Shine et al. [100] investigated the effects of different coolants as the length of cooling holes and the uniformity of film cooling depend on the liquid or gaseous coolants. The results showed that at low blowing ratios, there was no difference between the effects of different coolants on cooling. At high blowing ratios, the compound angle has a noticeable effect on cooling in comparison to non-compound hole cases. The maximum film cooling effectiveness was achieved at compound angles of 10°-30°, while the effect of compound angles of 10°-45° was not remarkable. According to Al-Hamadi et al. [101] , the compound angle holes results of the averaged film cooling effectiveness downstream of the injection rows suggest that compound angle rows tend to give better protection than those obtained by simple angle holes.
Figure 18
The schematic view of the vortical structures in the jet cross flow interaction [98] 6.0 TRENCHED SHAPED COOLING HOLES Trenched shaped cooling hole is constructed from a combination of both trench and shaped geometries of holes as shown in Figure  19 . In fact, as the section area of the hole is varied from the inlet to the exit, the area of the hole is expanded at the exit section and the flow is suddenly spread at this zone as well.
Using cylindrical, forward diffused, trenched forward diffused, conically flared, trenched conically flared, laterally diffused and trenched laterally diffused shaped holes, Baheri Islami et al. [102] gaain studied the effects of cooling holes on the film cooling effectiveness at the leading edge of turbine blade. The results of this research indicated that for all of the above configurations, span-wise, centerline and laterally averaged film cooling effectiveness was increased by trenching the holes. However, the most effective application of trench was detected for the forward diffused shaped holes. Overall, the film cooling effectiveness of shaped holes and trenched shaped holes was higher in comparison with other configurations, although Baheri Islami and Jubran [103] showed that the best film cooling effectiveness was attained for the trenched holes at all blowing ratios.
Figure 19
The geometry of trenched shaped cooling hole [102] In the paper by Baheri Islami et al. [104] , they discussed the effects of four different film cooling configurations -cylindrical hole, trenched cylindrical hole, shaped hole and trenched shaped hole -on film cooling performance. Their findings showed that an obstacle is created in front of the coolant flow at the downstream of the trenched holes. Therefore, the coolant flow is angled laterally along the hot surface and stands near the hot surface. The blockage will finally cause the vortex motion of the cooling jet to decrease and to strongly pull the hot gases. As a result, film cooling effectiveness is improved for the trenched holes.
7.0 COMPOUND SHAPED COOLING HOLES
As can be seen in Figure 20 , compound shaped cooling hole contains a combination of two other mentioned types of holesthe compound and the shaped one. In fact, the section area of the hole changes from the beginning to the end and then it is injected along the stream and span-wise direction.
By applying the PSP method, Gao et al. [105, 106] investigated the effects of different specifications of compound angle laid back fan-shaped holes on film cooling performance for a HPT (high pressure turbine). The primary findings of the study showed that over a wide part of blade's suction surface, a uniform coolant was formed using the laidback fan-shaped holes with compound angles. Compound shaped holes produced higher film cooling effectiveness in comparison with compound cylindrical cooling holes, particularly for both suction and pressure sides and at elevated blowing ratios. This is in agreement with previous studies by Hong-Wook Lee et al. [107] and Mhetras et al. [108] .
Figure 20
The geometry of compound shaped cooling hole [105] Bell et al. [109] determined the adiabatic film cooling effectiveness downstream of cylindrical round simple angle holes, laterally diffused simple angle holes, laterally diffused compound angle holes, forward diffused simple angle holes and forward diffused compound angle holes. They investigated the effects of a range of blowing ratios from 0.4 to 1.4, momentum flux ratios from 0.17 to 3.5 and density ratios from 0.9 to 1.4 as well. In comparison with simple holes, higher span-wise averaged effectiveness was obtained within unlimited blowing ratios and momentum flux ratios downstream of laterally diffused compound angle.
Heneka et al. [110] designed a flat plate with cooling holes and plenum to determine the effect of different sharp edge diffused laidback fan-shaped cooling holes. They indicated that at elevated blowing ratios, the film cooling performance became better because at shallow inclination angles, the momentum of injected flow reduced and the coolant attached to the surface. Further away from injection holes, at x/D>20, no significant effect was observed by compound angle variation. At fixed SP/D ratio, the extended range of cooled surface was affected as the area ratio changed. However, a noticeable loss of film cooling effectiveness was seen when the area ratio went down below the specific magnitude.
Yipping et al. [111] simulated three rows of showerhead holes located on the blade leading edge. The test section included eighteen cooling holes with inclination angle of 30 degrees in the span-wise direction and 90 degrees along the flow direction. They considered three transverse cooling holes with angles of 0, 30 and 45 degrees and the shaping effectiveness of the additional angles of 30 and 45 degrees. As shown in Figure 21 , for lower film cooling effectiveness and compound angle holes, increasing compound angle induces jet liftoff at higher blowing ratios and the film cooling performance dramatically increased in comparison with using lower transverse cooling holes angle. For shaped compound angle holes, there is a much greater increase in film cooling performance than with non-compound angle holes and baseline case.
Figure 21
The effects of transverse angle variation on film cooling effectiveness [111] Gao and Han [112] used PSP method to identify the effects of cooling holes angle and the configuration of these holes on film cooling within the blade leading edge surface. At a similar blowing ratio, the effects of seven rows of film cooling holes on film cooling performance was greater than those of three-row film cooling holes, which was due to the increase in the number of cooling hole rows. The deflection of the coolant from the radial angle holes by mainstream flow was higher than compound angle holes, hence covered an extended surface. Furthermore, the effectiveness achieved by using the three-row pattern was higher than that of compound angle hole due to the effect of radial angle holes. At elevated blowing ratios, the results attained from using seven rows of cooling holes were similar.
Dittmar et al. [113] studied the effects of different geometries of film cooling on heat transfer coefficient. The configuration included fan-shaped cooling holes, fan-shaped compound holes, double row of cylindrical holes and double row of discrete slots. The fan-shaped compound holes increased the cross flow cooling effectiveness at all blowing ratios. However, Hong-Wook Lee et al. [107] showed shaped holes have a suitable effect on cooling at moderate and high blowing ratios, especially at high blowing ratios. The results obtained from Bunker's [114] research showed that shaped film holes amenable to use with compound angles.
 8.0 COMPOUND TRENCHED SHAPED COOLING HOLES
As it is clear from its name, compound trenched shaped cooling hole is a combination of compound angle (stream-wise and spanwise direction), trenched hole and shaped case (Figure 22) . Thus, the flow runs in both directions at angles of ϕ and γ degrees respectively from the horizontal surface, and it suddenly spreads at the end of the cooling hole. In addition, the shape of the hole varies from the inlet to the end.
Baheri et al. [104] applied CFD method to determine the changes of adiabatic film cooling effectiveness under four different cooling holes of cylindrical film (case 1), 15° forward diffused film (case 2), trenched cylindrical film (case 3) and trenched 15° forward-diffused film (case 4). The results indicated that trenching the cooling holes has a dramatic effect on adiabatic film cooling performance downstream the injection in the both directions of span-wise and stream-wise. Also, Figure 22 shows that the application of trenched compound angle injection shaped hole provides the maximum film cooling. The ratio of the trenched hole length to diameter affects the film cooling and coolant injection.
Figure 22
The schematic view of compound trenched shaped cooling hole [104] 9.0 SUMMARY To have a better engine performance, the combustor's outlet temperature needs to be increased. However, hot flows develop non-uniformities and adverse conditions can damage the critical parts downstream the combustion chamber. The most well-known type of cooling preservation is film-cooling. However, the performance of traditional cooling holes is not good at higher blowing ratios. So far, many researchers have concentrated to design new shapes of cooling holes to modify the film cooling performance. Generally, the findings of these studies indicate that designing more rows of film cooling holes is more effective for film cooling performance. Also, when the distance between two adjacent holes is small, a better jet orifice cooling is achieved. Trenching cooling holes allows the injected coolant to spread before exiting the cooling holes. The studies considered the effects of width and depth of cooling holes for both row trench and individual trench. However, the results show that row trench is more effective than the other types. According to the findings, the narrow trench has better effect on film cooling performance. The best cooling performance is obtained at trench depth of 0.75. With shaped holes, the coolant attached to the surface and the film cooling performance which is achieved is thus higher than with cylindrical ones. In compound angle holes, the increase of jet's free stream interaction leads to the enhancement of normalized heat transfer coefficient, especially at the orientation angle of above 60 degrees.
From previous studies, it is found that the effects of trenched depth and width changes, and eventually the individual and row trenched cooling holes on flow behavior around turbine blades are considered. However, there are several unanswered questions. How trenched cooling holes modify the film cooling performance at the combustor end wall surface compared to cylindrical case? What is the optimum depth and width for the trenched cooling holes located at the combustor end wall surface? What are the effects of using row trenched cooling holes with different alignment angles on film cooling performance at the combustor exit? How does flow behaves under different blowing ratios for trenched cases at the end of combustor?
